Although the canonical Wnt pathway and b-catenin have been extensively studied, less is known about the role of p120-catenin (also known as d1-catenin) in the nuclear compartment. Here, we report that p120-catenin binds and negatively regulates REST and CoREST (also known as Rcor1), a repressive transcriptional complex that has diverse developmental and pathological roles. Using mouse embryonic stem cells (mESCs), mammalian cell lines, Xenopus embryos and in vitro systems, we find that p120-catenin directly binds the REST-CoREST complex, displacing it from established gene targets to permit their transcriptional activation. Importantly, p120-catenin levels further modulate the mRNA and protein levels of Oct4 (also known as POU5F1), Nanog and Sox2, and have an impact upon the differentiation of mESCs towards neural fates. In assessing potential upstream inputs to this new p120-catenin-REST-CoREST pathway, REST gene targets were found to respond to the level of E-cadherin, with evidence suggesting that p120-catenin transduces signals between Ecadherin and the nucleus. In summary, we provide the first evidence for a direct upstream modulator and/or pathway regulating REST-CoREST, and reveal a substantial role for p120-catenin in the modulation of stem cell differentiation.
INTRODUCTION
Stem cell maintenance and lineage-specific differentiation are modulated by intrinsic and extrinsic signals acting upon mediators including transcription factors. Core transcriptional regulators required for mouse and human embryonic stem cell (ESC) maintenance include Oct4 (also known as POU5F1), Sox2 and Nanog (Young, 2011) . Repressor complexes, such as that organized about REST, likewise regulate embryonic and neural stem cells and their derivatives (Aoki et al., 2012; Gao et al., 2011; Sun et al., 2008; Sun et al., 2005) . Whereas debate surrounds the role of REST in maintaining ESC self-renewal (Buckley et al., 2009; Jørgensen et al., 2009a; Jørgensen and Fisher, 2010; Singh et al., 2008) , it is agreed that it participates in the self-renewal of neural stem cells (NSCs) (Gao et al., 2011) , as well as differentiation from ESCs and NSCs, such as that towards neural lineages (Aoki et al., 2012; Chen et al., 1998; Yamada et al., 2010) .
REST recognizes and binds to specific genomic regions containing RE1 consensus sites within target gene promoters. There, it recruits a broad array of epigenetic and transcriptional modulators, often with the assistance of scaffold proteins, such as CoREST (also known as Rcor1) (Gopalakrishnan, 2009; Qureshi et al., 2010) . REST is itself transcriptionally and posttranscriptionally modulated (Ballas et al., 2005; Westbrook et al., 2008) . Despite this knowledge, there remains a large gap in our understanding of the roles of the micro-environment and upstream signals that regulate REST-CoREST (Gopalakrishnan, 2009 ).
Cell-cell adhesion is crucial for early vertebrate development and stemness (Boggetti and Niessen, 2012; Pieters and van Roy, 2014; Stepniak et al., 2009 ). E-cadherin, for example, enhances the self-renewal and survival of human ESCs (hESCs) (Li et al., 2010b) , and its expression improves the derivation of induced pluripotent stem cells from mouse embryonic fibroblasts (Chen et al., 2010) . Indeed, the heightened expression of E-cadherin can compensate for reductions in Oct4 during reprogramming, whereas in the absence of E-cadherin, the reprogramming of mouse embryonic fibroblasts is prevented (Redmer et al., 2011) . At adherence junctions, the cytoplasmic tail of E-cadherin (membrane-distal region) associates not only with b-catenin but also with catenin proteins of the p120-catenin subfamily (Daniel and Reynolds, 1995; Reynolds et al., 1994) . This subfamily includes p120-catenin itself (also known as d1-catenin), and its members have roles in cadherin stabilization, small GTPase and cytoskeletal modulation and gene regulation (Ireton et al., 2002; McCrea and Park, 2007; Pieters et al., 2012a; Reynolds, 2007) . p120-catenin can translocate into the nucleus to modulate genes (Daniel et al., 2002; Hosking et al., 2007; Kim et al., 2004) . We have previously reported that shared mechanisms (e.g. components of the destruction complex) regulate the stability of p120-catenin isoform 1 and b-catenin (Hong et al., 2010; Miller et al., 2013) . In addition to some shared regulation at the protein level, p120-catenin and b-catenin act upon a number of the same gene targets in the nucleus (Crawford et al., 1999; Kim et al., 2004; Park et al., 2005; Spring et al., 2005) . Distinct from bcatenin, which contains a transactivation domain (Gordon and Nusse, 2006; Gottardi and Peifer, 2008; MacDonald et al., 2009 ), p120-catenin appears to activate gene expression by competitively displacing repressors from gene promoter sites.
Here, we extend our knowledge of the nuclear role of p120-catenin and of stem cell biology by revealing that p120-catenin binds and derepresses the REST-CoREST complex to activate gene targets. Our results suggest that the p120-catenin-REST-CoREST pathway is coupled to the cadherin-catenin complex at cell-cell junctions, and, taken together, point to a new role for p120-catenin in the decision process of stem cells advancing to a differentiated state.
RESULTS

p120-catenin associates with REST and CoREST
In an earlier work, we determined that the p120-catenin family member ARVCF binds to kazrin , a protein with both cytoskeletal and nuclear roles (Groot et al., 2004; Sevilla et al., 2008) . To identify nuclear binding partners of kazrin, we used yeast two-hybrid screening of a mouse adult brain library and found that kazrin associates with CoREST (data not shown). Central to this report, we went on to test whether ARVCF and the related p120-catenin bind to CoREST and its partner, the DNA-binding transcriptional repressor REST.
In this study, we focused on p120-catenin and its association with the REST-CoREST complex. We first confirmed, however, that ARVCF associated with CoREST and REST (supplementary material Fig. S1A ), suggesting that it might share nuclear functions of p120-catenin as outlined below.
Often associating with the larger REST complex, CoREST contributes to gene target repression (Andrés et al., 1999) . To test for an association between p120-catenin and CoREST, we initially used co-expression in HeLa cells followed by co-immunoprecipitation, which supported their interaction (Fig. 1A) . b-Catenin, which is structurally similar to p120-catenin and ARVCF but falls within the distinct b-catenin subfamily displayed little if any interaction with CoREST, even REST was co-expressed with p120 or b-catenin in HeLa cells, and REST-HA was precipitated. (C) Both p120-catenin isoform 1 (iso1) and isoform 3 (iso3) associate with REST using an in vitro transcription and translation system. p120-catenin isoforms 1 and 3 were incubated with REST-HA, followed by REST-HA precipitation. (D) Endogenous p120-catenin associates with endogenous REST and CoREST in mESCs. Note that both p120-catenin isoform 1 and 3 associate with CoREST (see supplementary material Fig. S1C ). The nuclear fraction was isolated and used for co-immunoprecipitation. The sh-p120 lane (cells expressing shRNA against p120-catenin) shows that we obtained specific immuno-blot detection of p120. (E) p120-catenin directly associates with REST and CoREST. Bacterially purified proteins were used for direct binding assays. MBP-p120-catenin was pulled down using amylose magnetic beads, followed by blotting with anti-GST or anti-REST antibodies, respectively, to detect GST-CoREST and REST.
when expressed at higher levels than p120-catenin, suggesting specificity in the p120-catenin-CoREST interaction.
We next determined whether exogenous p120-catenin associated with REST in HeLa cells. As with CoREST, we observed a reproducible p120-catenin-REST association, relative to IgG precipitations or REST precipitations with co-expressed bcatenin (Fig. 1B) . This association was further observed in other cell lines, including HEK293 (supplementary material Fig.  S1B ,D) and mESCs ( Fig. 1D; supplementary material Fig.  S1C ). To further assess the p120-catenin-REST association, we conducted binding assays using standard in vitro transcriptiontranslation. Depending on context, p120-catenin exists in a number of isoforms generated from distinct translational start sites (in the same transcript) (Pieters et al., 2012b) . Isoform 3 begins at a more downstream translational start site than isoform 1, and we found that REST associates with both isoforms (Fig. 1C) .
We next tested whether endogenous p120-catenin associated with REST and CoREST in mESCs, where the REST-CoREST complex has been well studied, and found that both isoform 1 and isoform 3 associate with REST (Fig. 1D ). When p120-catenin was depleted from mESCs, the p120-catenin-REST interaction was not observed (Fig. 1D ). Endogenous CoREST also associated with endogenous p120-catenin in mESCs ( Fig. 1D ; supplementary material Fig. S1C ). Although isoforms 1 and 3 of p120-catenin associate with CoREST in mESCs (supplementary material Fig. S1C ), the p120-catenin isoform 3 interaction was more consistently evident (Fig. 1D) . As in mESCs, we observed that endogenous p120-catenin associates with endogenous REST and CoREST in HEK293 cells (supplementary material Fig.  S1D ). We also evaluated the localization of p120-catenin relative to CoREST and REST using immunofluorescence. REST and CoREST, if expressed alone, were largely nuclear in the absence of p120-catenin (supplementary material Fig. S1F ), whereas exogenous p120-catenin was localized in both the cytoplasm and nucleus (data not shown). Although less evident for REST (conceivably owing to its more rapid cytoplasmic destruction), p120-catenin expression caused the re-localization of a proportion of CoREST to the cytoplasmic compartment following their coexpression, consistent with a functional interaction. Given that p120-catenin associates with the transcriptional repressor kaiso , which binds N-CoR (Yoon et al., 2003) , we tested whether kaiso associates with REST. In AB1 mESCs expressing the indicated exogenous proteins, CoREST (positive control) but not kaiso co-precipitated with REST in mESCs (supplementary material Fig. S1E ), suggesting that kaiso is not part of the larger REST complex.
To assess whether p120-catenin directly binds REST and CoREST, we mixed purified maltose-binding protein (MBP)-tagged p120-catenin with purified GST-CoREST or GST-REST, followed by MBP pulldown. Both purified REST and CoREST directly associated with MBP-p120-catenin, whereas MBP alone interacted to an almost undetectable extent (Fig. 1E) . Taken together, our findings suggest that p120-catenin binds both REST and CoREST in various cell types.
The zinc finger DNA-binding domain of REST and the central region of CoREST associate with the armadillo domain of p120
To help model the interactions of p120-catenin with REST and CoREST, we mapped the p120-catenin-REST and p120-cateninCoREST associations using an in vitro transcription-translation system. REST contains regions required for partner binding [e.g. N-terminal versus C-terminal regions for mouse SIN3B (mSIN3B) and CoREST, respectively], whereas its zinc finger domain is used for sequence-specific DNA interactions (e.g. RE1 binding sites) (Ballas et al., 2001) . Intriguingly, relative to IgG precipitations and other REST fragments, p120-catenin associated selectively with the zinc finger DNA-binding region of REST (Fig. 2A) . This is an indication that p120-catenin might affect REST function.
By conducting p120-catenin-CoREST interaction mapping, we found that the region between the two SANT domains of CoREST is required for p120-catenin association ( Fig. 2B ; supplementary material Fig. S2A ). The first SANT domain of CoREST binds partners including REST and HDAC1 (You et al., 2001) , whereas the second SANT domain binds Brg1-associated factor 57 (BAF57) (Battaglioli et al., 2002) . Finally, we mapped the p120-catenin regions needed for REST and CoREST association. We found that the armadillo domain of p120-catenin associates with both CoREST (Fig. 2C) and REST (Fig. 2D) . Relative to the armadillo domain of p120-catenin, its N-and C-terminal domains did not associate with REST or only did so weakly (Fig. 2D ). For example, the C-terminal domain of p120-catenin displayed a minor association with REST, perhaps owing to the fact that this construct had retained 1.5 armadillo repeats. Our mapping suggested that p120-catenin might modulate the REST-CoREST interaction or the REST-DNA interaction, affecting the gene-regulatory functions of the complex.
To assess whether p120-catenin forms distinct complexes with REST or CoREST or whether p120-catenin simultaneously binds to REST and CoREST, we generated a REST C-terminus deletion mutant incapable of associating with CoREST (Andrés et al., 1999) and conducted binding assays in vitro (supplementary material Fig. S2B ). When CoREST was precipitated in the presence of p120-catenin, C-terminal-deleted REST could be coprecipitated. Full-length REST could be co-precipitated with CoREST in the absence or presence of p120-catenin, as expected. These findings suggest that p120-catenin not only binds to REST and CoREST individually as previously noted (Fig. 1E ), but that p120-catenin can simultaneously associate with REST and CoREST.
p120-catenin modulates REST-CoREST gene targets in mESCs, in mammalian cell lines and in Xenopus laevis embryos Mapping indicated that p120-catenin associates with the zinc finger DNA-binding region of REST. By manipulating p120-catenin levels in mESCs, we tested the hypothesis that p120-catenin modulates the function of REST-CoREST protein to de-repress gene targets.
Indeed, we found that the short hairpin RNA (shRNA)-mediated depletion of p120-catenin in mESCs reproducibly led to increased REST and CoREST protein levels (REST, Fig. 3A ,C and supplementary material Fig. S3A ; CoREST, Fig. 3A) . (This effect was not seen in Fig. 1D given the shorter duration of p120-catenin depletion prior to cell harvest). Conversely, the exogenous expression of p120-catenin led to decreased REST protein levels (Fig. 3E) . Given that the p120-catenin expression effect was rescued upon the addition of a proteasome inhibitor (MG-132; supplementary material Fig. S2C ), we expect that p120-catenin might promote REST protein destabilization through proteasome-dependent mechanisms.
Given that REST protein levels are increased in p120-depleted cells, we predicted that there would be decreased transcription from the REST gene targets calbindin, Gad1, miR-124, miR-9-1, and miR-132. Using two independent shRNA constructs directed against p120-catenin (supplementary material Fig.  S3A ), decreased expression was found in most but not all cases (Fig. 3A) . For example, p120-catenin depletion did not lead to increased repression of the gene encoding TCF3 (Fig. 3A) . In addition, non-REST targets, such as Axin2 and c-Myc, were not responsive to p120-catenin depletion, suggesting that p120-catenin depletion has clear but selective effects on REST gene target transcription.
Given that REST and CoREST further associate directly (in vitro) with ARVCF (supplementary material Fig. S1A ), we tested whether the co-depletion of ARVCF and p120-catenin exhibited an additive effect on REST targets. Their co-depletion, however, did not enhance the previously observed partial p120-depletion effects upon REST targets (Fig. 3B) . The partial effect of p120-catenin depletion on REST targets is presumably due to the involvement of other cis-acting regulators, or to the involvement of yet other catenins, such as d-catenin.
To determine whether the observed p120-depletion effect occurs as predicted through REST or CoREST, we conducted REST and CoREST knockdowns with short interfering RNA (siRNA). Prior to such REST-or CoREST-knockdown tests, we confirmed that the expression of a non-targetable p120-catenin construct could rescue p120-catenin-depletion effects (supplementary material Fig.  S3B ). As expected, REST depletion led to a partial, but statistically significant, rescue of the p120-catenin knockdown effect on REST-CoREST target genes (Fig. 3C) . Interestingly, CoREST depletion in mESCs increased REST-CoREST target gene The zinc finger region of REST is necessary for p120-catenin association. REST fragments were incubated with full-length Flag-p120-catenin-HA, followed by p120-catenin immunoprecipitation (IP). (B) The region between the two SANT domains of CoREST associates with p120-catenin. Two example blots are provided; see also supplementary material Fig. S2A . CoREST fragments were incubated with p120-catenin and precipitated using the indicated antibodies. A dashed rectangle indicates that the CoREST region needed to associate with p120. (C,D) The armadillo repeat (ARM) domain of p120-catenin is needed for CoREST association (C), and for REST association (D). p120-catenin fragments (FL-p120, full-length p120-catenin; N-terminal, N-terminal region; C-term; C-terminal region) were incubated with CoREST (C) or REST (D), followed by precipitation of p120-catenin. +, some interaction, ++, strong interaction; -, no interaction. All proteins used in Fig. 2 were generated using an in vitro transcription and translation system. Note that the C-terminal fragment of p120-catenin includes a small portion of the armadillo repeat domain (repeat region 8.5-9).
expression beyond that seen in the control conditions (4-10-fold 'over-rescue'; Fig. 3D ). This result appears to be in keeping with findings that CoREST has substantial roles in REST-independent gene repression, including at genes modulated by REST-CoREST (Ballas et al., 2005) .
We next determined whether the expression of p120-catenin had a positive effect on REST-CoREST target gene transcription in mESCs. Indeed, as a function of the identity of the transcript, we observed 1.5-2-fold increases in gene target levels (Fig. 3E ). This effect might be due to p120-catenin-promoted reductions in REST-CoREST protein levels and/or p120-catenin-mediated competitive displacement of REST-CoREST from DNA (see below).
To determine whether p120-catenin-mediated modulation of REST-CoREST target genes extends beyond mESCs, we used NIH3T3 and HEK293 (differentiated) cell lines. We found that p120-catenin depletion in these cells likewise reduced the expression of REST-CoREST gene targets (supplementary material Fig. S3C ), with effects similarly rescued upon CoREST depletion (supplementary material Fig. S3D ). p120-catenin expression, conversely, increased the transcript levels of REST-CoREST gene targets (Mash1, also known as Ascl1, and synaptotagmin 4) (supplementary material Fig. S3E ), as was observed in HEK293 cells (data not shown). These increased transcript levels were rescued by the expression of CoREST, or to a partial extent REST (supplementary material Fig. S3E ), , for the modulation of RESTCoREST gene targets by two independent shRNA constructs against p120-catenin. p120-catenin-depleted mESCs were generated using shRNAs directed against distinct regions of the p120-catenin transcript. At 72 h after puromycin selection, p120-catenin and REST protein levels were tested by immunoblotting, and the indicated REST-CoREST gene target transcripts were tested by real-time PCR. GAPDH was used as an internal control. Data are presented as mean6s.d. *P,0.05; **P,0.01; n.s., not statistically significant. (B) ARVCF co-knockdown does not increase p120-catenin depletion effects on REST-CoREST gene targets. The indicated siRNAs (siCon, control siRNA; siP120, siRNA against p120-catenin; siARV, siRNA against ARVCF) were transfected into AB1 cells, followed by incubation for 72 h and harvest for immunoblotting and real-time PCR. Data are presented as mean6s.d. *P,0.05; n.s., not statistically significant. (C,D) REST (C) and CoREST (D) knockdown rescues p120-depletion effects. Using siRNA, REST (siREST) and CoREST (siCoREST) were respectively knocked down in control-depleted and p120-catenin-depleted mESCs, which was confirmed by immunoblotting. REST-CoREST target gene expression was tested by real-time PCR. All transcripts were normalized to expression of GAPDH. In all graphs, data are presented as mean6s.e.m. (E) REST-CoREST gene target transcripts are activated upon p120-catenin expression. p120-catenin was transiently expressed in mESCs using liposome-mediated transfection. At 48 h after transfection, cells were lysed and used for immunoblotting with the indicated antibodies. The REST-CoREST gene transcripts were tested by real-time PCR and normalized to GAPDH and data are presented as mean6s.e.m.
suggesting that p120-catenin-mediated modulation of RESTCoREST gene targets occurs through the REST-CoREST complex, consistent with the results obtained in mESCs.
Finally, we tested for functional affects in vivo using Xenopus laevis. We observed that knockdown of p120-catenin using an established morpholino antisense oligonucleotide (Fang et al., 2004) decreased transcripts that are regulated by REST-CoREST, such as Xenopus calbindin and Mash1 (supplementary material Fig. S3G ). These results suggest that, with respect to RESTCoREST gene target modulation, p120-catenin has a shared role across differing types of mammalian cells and in amphibians.
p120-catenin modulates REST binding to RE1 sites at cisregulatory regions of target genes
To determine whether p120-catenin has an effect on REST occupancy at RE1 sites in known gene targets (e.g. the type II voltage-dependent Na + channel), we conducted chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR) using normal and p120-depleted mESCs. We kept in mind our above evidence ( Fig. 2A ) that suggested that p120-catenin might compete with DNA (RE1) for association with the zinc-finger domain of REST.
Using ChIP-qPCR in mESCs, we tested whether p120-catenin depletion led to enhanced REST association with DNA, and indeed observed increased REST-DNA ChIP (2-4-fold) across four established REST-CoREST gene targets (synaptotagmin 4, calbindin, gad1 and miR-124) (Fig. 4A) . Negative controls included IgG precipitations, and ChIP of 39 or 59 untranslated regions (UTRs) lacking RE1 consensus binding sites. We next examined REST-CoREST protein localization. In p120-catenindepleted mESCs, the levels of REST and CoREST increased in the chromatin-bound and nucleoplasmic fractions (Fig. 4B) . Although we do not know the basis, the cytoplasmic, nucleoplasmic and chromatin fractions of CoREST exhibited slight differences in their gel migration patterns. In all cases, our ChIP and other findings continued to suggest that p120-catenin and REST are functionally linked in mESCs.
This was further supported by complementary experiments in which p120-catenin was overexpressed, where the expectation would be decreased REST occupancy at RE1 regions. Consistent with electrophoretic mobility shift assay (EMSA) results indicating that p120-catenin prevents REST from binding to RE1 consensus sites (Fig. 4C) , our REST ChIP-qPCR findings indicated that wild-type p120-catenin expression significantly reduced binding of REST to the RE1 gene-control region of miR-124, and partially decreased REST binding to the RE1 regions of calbindin and synaptotagmin 4 (Fig. 4D) . In contrast, the expression of a previously characterized nuclear localization sequence (NLS) mutant of p120-catenin, which is known to mostly localize in the cytoplasm (Kelly et al., 2004) , reduced REST-DNA binding to a lesser extent, suggesting that p120-catenin nuclear translocation might precede the detachment of REST from DNA (RE1 binding sites) (Fig. 4D ). In the case of calbindin, the p120-catenin NLS-mutant unexpectedly increased the endogenous REST-DNA association, conceivably by sequestering a negative modulator of REST in the context of the calbindin promoter.
Given that the central armadillo domain of p120-catenin associates with REST and CoREST (Fig. 2) , we tested whether the expression of the isolated p120-catenin armadillo domain affected REST-DNA occupancy. Indeed, relative to the more Nterminal domain of p120-catenin, the p120-catenin armadillo domain decreased REST-DNA binding at known REST genecontrol (RE1) regions. This was observed for Gad1, calbindin, and synaptotagmin 4, but not at the 39 UTR of synaptotagmin 4, which does not contain an RE1 site (Fig. 4E) . In addition to the armadillo domain of p120-catenin, expression of its C-terminal region partially decreased REST-DNA binding, consistent with its weak REST interaction (Fig. 2D) . Controls demonstrated that each Flag-HA epitope construct was expressed at similar levels (data not shown). These results suggest that p120-catenin derepresses REST-CoREST gene targets through inhibitory interactions with REST and/or CoREST.
Expression of mESC stemness markers is increased upon p120-catenin depletion Among other functions, the REST-CoREST complex has a role in preventing the precocious differentiation of neural stem cells and, more contentiously, perhaps also of ESCs (see Introduction). We examined the expression of stemness and differentiation markers in mESCs in which p120-catenin was depleted. Up to 2-fold increases were found in the transcript level of the core pluripotency gene Nanog, with more modest increases occurring for Oct4 and Sox2 (Fig. 5A) . Importantly, we saw substantial increases in the level of Oct4 and Sox2 at the protein level on p120-catenin depletion (Fig. 5B) . Given that Oct4 and Sox2 contribute to Nanog expression in mESCs (Kuroda et al., 2005; Rodda et al., 2005) , the increased level of Oct4 and Sox2 expression following p120-catenin depletion might contribute to the observed increased levels of Nanog transcript. Anti-Nanog antibodies performed poorly even in control mESCs, so we omitted the Nanog protein data. Consistent with our molecular findings, the depletion of p120-catenin did not lead to increased mESC differentiation on the basis of alkaline phosphatase readouts (data not shown). Likewise, the transcript levels of differentiation markers such as Sox1 and nestin (neuroectodermal markers), Foxa2 (endodermal marker) and brachyury (mesodermal marker) did not show notable responses to p120-catenin depletion (Fig. 5A) . Complementing p120-depletion effects on pluripotency markers (Oct4, Sox2 and Nanog), p120-catenin expression instead led to their reduction by ,20-30% (Fig. 5C ). Although we do not know its basis, in this overexpression setup, modest decreases were seen in the transcript levels of two differentiation markers (brachyury and Sox1) (Fig. 5C ). p120-catenin expression had little effect upon alkaline phosphatase readouts of mESC stemness under selfrenewal conditions (data not shown); however, under neuronal differentiation conditions, we found that p120-catenin expression noticeably accelerated differentiation, as evident from alkaline phosphatase staining, increased doublecortin (DCX) expression (as assessed by immunostaining), and a reduction in Oct4 and Sox2 protein levels (visualized following immunoblotting) (Fig. 5D) . In summary, our findings suggest that p120-catenin modulates established pluripotency markers at both the mRNA and protein levels. Given that we reveal that p120-catenin binds REST and CoREST and that a functional relationship is observed at REST-CoREST gene targets, p120-catenin-mediated effects upon pluripotency genes might arise in part as a consequence of the relationship between p120-catenin and REST-CoREST.
2009; Elia et al., 2006; Ho et al., 2000; Matter et al., 2009 ), the nuclear roles of p120-catenin in this context are largely unknown. Given that REST represses multiple neuronal differentiation genes (Abrajano et al., 2009b; Chen et al., 1998) , we determined whether p120-catenin has an effect on the neural differentiation of mESCs. Under differentiation conditions (using the direct or monolayer method), neuraldifferentiation marker transcripts (Sox1, Dcx1 and Map2) were increased in control cells. However, in response to p120-catenin depletion (and thereby maintained or enhanced gene target repression by REST-CoREST), the expression of these same neuronal transcripts was reduced (Fig. 6A ). Dcx1 expression was reduced more than 70% in p120-depleted cells compared to control cells, and the reductions in Sox1 and Map2 were likewise significant. Consistent with these findings, p120-catenin expression instead increased Dcx1 expression as compared to controls under neuro-differentiation conditions (Fig. 5D ). In parallel, we performed immunostaining with antinestin antibody. However, in this case, we did not observe a significant difference between control and p120-catenin expression, perhaps because we only tested at one extended time point (3-day differentiating AB1 cells; data not shown). In Fig. 4 . p120-catenin modulates REST association with RE1 regions. (A) p120-catenin knockdown increases REST binding to RE1 regions. ChIP-qPCR was conducted using p120-depleted (shp120) and control-depleted (shCon) mESCs (see Materials and Methods). Cross-linked DNA-protein complexes were precipitated using anti-REST or control (IgG) antibody. The Cal-39UTR and miR-124-59UTR regions were used as internal-transcript negative controls. Data are normalized to the IgG input value and presented as mean6s.d. *P,0.05; **P,0.01. (B) p120-catenin knockdown increases the REST and CoREST association with chromatin. Control and p120-depleted mESCs were fractionated into cytosolic (Cyto), nuclear (Nuc), and chromatin (Chro) fractions. The indicated proteins were tested using immunoblotting. Tubulin was used as a cytoplasmic fraction marker, and histone H3 was used as a chromatin fraction marker. (C) p120-catenin decreases REST binding to RE1 region in vitro. REST (thrombin-cleaved from GST-REST), MBP-p120-catenin and MBP were purified from bacteria. In two different pair-wise manners, protein-protein or protein-DNA combinations were made, generating similar experimental results: either REST and MBP-p120-catenin (or MBP alone) were incubated overnight at 4˚C followed by addition of the oligonucleotide; or REST was incubated with the oligonucleotide for 10 min, followed by addition of increasing amounts of MBP-p120-catenin (or MBP alone) for 10 min at room temperature (as shown). See Materials and Methods for more details. (D) p120-catenin expression partially decreases the binding of REST to RE1 regions, whereas expression of the p120-catenin NLS mutant (NLSmut) had little effect. At 48 h after transfection of wild-type (WT) or NLS-mutant p120, mESCs were fixed and harvested for ChIP-qPCR. The bars indicate the fold increase relative to the IgG value. GAPDH was used as a negative control. Data are normalized to the IgG input value and presented as mean6s.d. *P,0.05; **P,0.01. (E) Expression of the armadillo or C-terminal tail domains of p120-catenin resulted in reduced REST-DNA association. The p120-catenin fragments of the N-terminal (N), armadillo repeat (ARM), or C-terminal tail (C) were expressed in mESCs; these were then processed for ChIP-qPCR. The Syt4 39UTR was used as an internal-transcript negative control. Data are normalized to the IgG input value and presented as mean 6s.d.
all cases these findings suggest that p120-catenin plays a role in the neurogenesis of mESCs.
To further test the effects of p120-catenin on neurogenesis and whether they are mediated through REST-CoREST, we measured the mRNA levels of REST-CoREST gene targets known to have a role in early neural development. In keeping with our findings above involving general neural markers, the mESC transcript levels of miR-132, Mash1, miR-9-1, miR-124, NeuroD1 (Fig. 6B) and Dcx1 (Fig. 6A) were decreased upon p120-catenin depletion. This decrease was effectively rescued upon CoREST depletion ( Fig. 6C ; 'over-rescue' effects were addressed earlier). Furthermore, ChIP-qPCR findings showed enhanced REST occupancy at the miR-124 RE1 region in p120-depleted cells, whereas the negative control 59UTR region of miR-124 showed little, if any, REST binding (Fig. 6D) . To support the results described above, in which we used the direct monolayer neural differentiation method, we used another established neural differentiation method that involves retinoic acid (Fraichard et al., 1995) , and obtained similar results (supplementary material Fig. S4 ). These findings are consistent with the view that reduced neural differentiation in p120-depleted mESCs arises through functional effects on the REST-CoREST complex.
Upstream pathway regulation: E-cadherin appears to modulate REST-CoREST gene targets through p120-catenin in mESCs
In this report, we have concentrated on the relationship of p120-catenin with REST-CoREST, and thereby the stemness and differentiation of mESCs (downstream effects). However, a . mESC stemness markers are increased upon p120-catenin depletion, and decreased upon p120-catenin expression. (A) p120-catenin knockdown (ES shp120) increases mRNA levels of pluripotency markers. Pluripotency and differentiation marker transcripts of p120-depleted and control mESCs were tested by real-time PCR. Oct4, Sox2 and Nanog serve as pluripotency markers; Sox1 and nestin as neuro-ectodermal differentiation markers; Foxa2 as an endoderm marker; and brachyury as a mesoderm marker. Results are mean6s.d. *P,0.05; **P,0.01. (B) p120-catenin knockdown results in increased protein expression of the pluripotency markers Oct4 and Sox2. The p120-depleted (shP120) and control (shCon) mESC lysates were used for immunoblotting. GAPDH was used as an internal control. (C) mESC stemness markers are decreased upon p120-catenin expression. Pluripotency and differentiation marker transcripts were tested by real-time PCR. All transcripts were normalized to GAPDH. Results are mean6s.d. *P,0.05; **P,0.01; n.s., not significant. (D) p120-catenin expression enhances pluripotency loss and neuronal differentiation of mESCs under differentiation conditions. p120-cateninexpressing and control mESCs were maintained in regular stem cell medium or with N2B27 neuronal differentiation medium (direct differentiation method) for 48 h. Pluripotency was tested by alkaline phosphatase (AP) staining and by immunoblotting for Oct4 and Sox2. Results are mean6s.d. P-values were obtained by Student's t-test. Prior to immunostaining with anti-DCX antibody, cells were maintained with N2B27 for 72 h. DAPI was used for counter-staining. Scale bar: 30 mm.
remaining question concerns the upstream modulator(s) of p120-catenin in this pathway. Given that canonical Wnt signaling contributes to both stemness and differentiation in mESCs, and we have previously shown that p120-catenin isoform 1 positively responds to Wnt signals through mechanisms shared with bcatenin (Hong et al., 2010) , we considered that Wnt signals might be upstream participants. We instead found, however, that mESC exposure to Wnt1 and Wnt3a (Wnt ligands) lowered the expression of neural differentiation markers such as Sox1 and nestin (data not shown), consistent with prior reports that canonical Wnt signals enhance mESC pluripotency (Nusse, 2008; Sokol, 2011) .
We next turned our attention to a second important player in both stem cell and catenin biology, namely cadherins. The relationship between p120-catenin and E-cadherin is characterized in contexts such as cadherin stability (see Introduction) (Hatzfeld, 2005; Humphries and Reynolds, 2009; McCrea and Park, 2007; McEwen et al., 2012; Reynolds, 2007; Boggetti and Niessen, 2012) . Intriguingly, E-cadherin modulates hESC differentiation in vitro, with reductions in E-cadherin levels associated with a departure from stemness (Li et al., 2010a) . We thus tested whether low E-cadherin levels are functionally associated with p120-catenin-mediated RESTCoREST modulation of target genes. We generated mESCs with E-cadherin depletion through RNAi. For reasons we do not understand, total p120-catenin protein was moderately increased in E-cadherin-knockdown mESCs (Fig. 7A) , and this effect was also evident in the nuclear fraction of p120-catenin (Fig. 7B) . Of interest, E-cadherin depletion was correlated with the elevation of REST-CoREST gene target transcripts, such as Mash1, miR-9-1, miR-124 and miR-132 (Fig. 7C) . Furthermore, p120-catenin knockdown, but not b-catenin knockdown (specificity control), Fig. 6 . p120-catenin modulates neuronal differentiation of mESCs. (A) p120-catenin knockdown reduces the neural differentiation of mESCs (direct differentiation method). p120-catenin-depleted (shP120) and control (shCon) mESCs were differentiated to neuronal cells by incubation over 6 days with N2B27 neuronal differentiation medium. Neuronal differentiation markers were tested by real-time PCR. Results are mean6s.d. *P,0.05; **P,0.01. Note that Sox1 serves as a neural stem and progenitor marker; Dcx1 as an early neuronal differentiation marker; and Map2 as a late neuronal differentiation marker. (B) p120-catenin knockdown decreases the mRNA levels of known REST-CoREST targets in mESCs undergoing neural differentiation. At 4 days after differentiation, p120-depleted and control mESCs were harvested and the indicated REST-CoREST gene targets were tested by real-time PCR. All transcripts were normalized to GAPDH. Results are mean6s.d. *P,0.05; **P,0.01; n.s., not statistically significant. 'pluri. ESC', growth in stem cell medium containing LIF and a high concentration of FBS to maintain stemness; 'diff. ESC', growth under differentiation conditions. (C) CoREST knockdown rescues p120-catenin knockdown effects. CoREST was knocked down using siRNA (siCoREST) in p120-depleted mESCs. The indicated REST-CoREST target transcripts were tested by realtime PCR and normalized to GAPDH. Results are mean6s.d. *P,0.05; **P,0.01. (D) p120-catenin knockdown increases REST binding to the RE1 region of miR-124 in neuronal differentiating mESCs. ChIP-qPCR was conducted using p120-depleted versus control mESCs, differentiated over 4 days in N2B27 neuronal differentiation medium. Results are mean6s.d. *P,0.05; n.s., not statistically significant. partially counteracted these effects in E-cadherin-depleted ESCs (Fig. 7D) . Given that the physical interaction p120-catenin with E-cadherin is relevant to cadherin-catenin functions and to associated downstream signaling (Ireton et al., 2002; Ratheesh et al., 2013; Schackmann et al., 2011; Van den Bossche et al., 2012) , we tested whether a p120-catenin point-mutant unable to bind E-cadherin retained rescuing activity, in line with our focus upon the nuclear effects of p120-catenin. Indeed, to a similar extent as p120-catenin wild-type, the established p120-catenin N478A mutant (Ishiyama et al., 2010) retained partial rescuing effects upon REST gene targets (supplementary material Fig.  S3F ). These findings together suggest that E-cadherin participates, in an upstream capacity, in regulating p120-transduced effects upon the nuclear REST-CoREST complex, and thereby differentiation processes in mESCs.
DISCUSSION
Numerous regulatory mechanisms contribute to stemness or lineage-specific differentiation. In the nucleus of embryonic and neural stem cells, the REST-CoREST complex is thought to restrict the precocious expression of genes that promote differentiation as well as assist in lineage differentiation. In particular, in embryonic and neural stem cells, as well as in nonneural cells that have already differentiated, REST-CoREST appears to be crucial to suppressing the neural gene program (Abrajano et al., 2009a; Aoki et al., 2012; Chen et al., 1998; Gao et al., 2011; Jørgensen et al., 2009b; Sun et al., 2005) . Less is known about the upstream mechanisms regulating REST-CoREST itself. One of the best characterized mechanisms is that REST is post-translationally downregulated in NSCs through ubiquitylation (b-TRCP E3 ligase) and proteasomal destruction (Westbrook et al., 2008) , as occurs in ESCs differentiating towards neuronal lineages (Ballas et al., 2005; Su et al., 2004) . Here, we find that p120-catenin binds REST and CoREST, to regulate the REST-CoREST complex in pluripotent mESCs, as well as in mESCs undergoing neural differentiation. We also provide suggestive evidence, requiring a separate study to address fully, that E-cadherin plays an upstream role in this catenin pathway.
p120-catenin modulates REST-CoREST association with DNA
We find that for p120-catenin to modulate gene targets of RESTCoREST, it must be capable of associating with REST or Fig. 7 . E-cadherin regulates REST-CoREST gene targets through p120-catenin. (A) E-cadherin-depleted mESCs were generated using an shRNA approach (two shRNAs, shCdh1-#1 and shCdh1-#2), with knockdown efficacy confirmed by immunoblotting. (B) E-cadherin-depleted versus negative controldepleted (shCon) mESCs were separated into cytoplasmic (Cyto) and nucleoplasmic (Nuc) fractions that were assayed for p120-catenin using immunoblotting. Note that tubulin serves as a cytoplasmic marker and nuclear lamin A/C as a nucleoplasmic marker. (C) The indicated REST-CoREST target transcripts from control and E-cadherin-depleted mESCs were tested by real-time PCR. Results are mean6s.d. (D) p120-and b-catenins were knocked down using a siRNA approach (siP120 and siB-cat, respectively) in E-cadherin-depleted mESCs. The REST-CoREST gene target transcripts were tested by real-time PCR. All transcripts were normalized to GAPDH. Results are mean6s.d. *P,0.05; **P,0.01.
CoREST. Expression of the central armadillo p120-catenin domain, but not its N-terminal domain, resulted in reduced REST occupancy at gene targets (RE1 binding sites). Expression of the armadillo domain also reduced endogenous REST protein levels (data not shown). We found that the armadillo domain of p120-catenin associates with REST and CoREST. On the basis of REST ChIP experiments, p120-catenin lowers the ability of REST to bind DNA. p120-catenin might lower REST binding to DNA by competition for REST (a direct effect), or alternatively, this might occur through lowering REST binding to CoREST (an indirect effect). Indeed, we found that expression of the armadillo domain of p120-catenin diminished the REST-CoREST association at the protein level in vitro (data not shown). Although future studies will be required, we surmise that p120-catenin directly (through REST) or indirectly (through CoREST) reduces REST-CoREST associations with DNA and/or with chromatin-regulatory factors. This correlates with increased protein turnover of REST-CoREST. Such a mechanism would be analogous to p120-catenin-mediated displacement of kaiso, another zinc finger transcriptional repressor (Daniel and Reynolds, 1999; Kelly et al., 2004; Kim et al., 2004) .
p120-catenin modulation of gene targets
We observed that p120-catenin modulates several, but not all, REST target genes (Fig. 3) . This result is consistent with those of a previous report using mESCs, in which neuronal genes that contained canonical RE1 regions responded preferentially to REST depletion (Jørgensen et al., 2009b) . Proteasome inhibitors helped to maintain REST and CoREST levels in the face of p120-catenin expression (supplementary material Fig. S2C ), suggesting that p120-catenin modulates REST-CoREST destruction, which fits with published studies of REST ubiquitylation (Westbrook et al., 2008) . Given that p120-catenin isoform 1 is likewise negatively regulated by ubiquitylation (Hong et al., 2010) , and both it and REST share the same E3 ligase (b-TrCP) (Westbrook et al., 2008) , REST destruction might be enhanced when associated with p120-catenin.
Regardless of the mechanism by which p120-catenin influences REST-CoREST protein levels in mESCs, our p120-catenin-REST and p120-catenin-CoREST interaction results, EMSA and REST ChIP findings support p120-catenin directly or indirectly displacing REST, resulting in the relief of repression (activation) of REST-CoREST gene targets (a model is shown in Fig. 8 ).
p120-catenin in modulating stemness and differentiation
Recognizing controversies in the literature, principally with respect to the role of REST in maintaining ESC pluripotency (Buckley et al., 2009; Jørgensen et al., 2009a; Jørgensen and Fisher, 2010; Singh et al., 2008; Yamada et al., 2010) , REST has been proposed to modulate the balance of stemness versus differentiation and lineage specification of both embryonic and neural stem cells (Aoki et al., 2012; Gao et al., 2011; Su et al., 2004; Sun et al., 2005) . These activities involve the direct repression (or in some cases activation) of differentiation-promoting genes, especially of the neural lineage. Elucidating the means by which REST is itself regulated is thus important to understanding both normal and pathological biological processes. In disease, the overly repressive activity of the REST-CoREST complex promotes excessive gene silencing due to effects upon DNA methylation or histone modifications. Among other things, pathological expression of REST alters the level and activity of non-coding RNAs (Rossbach, 2011) , some of which are associated with glioblastoma multiforme (Conti et al., 2012) and poor prognosis (Kamal et al., 2012; Wagoner and Roopra, 2012) .
In homeostasis, ESCs maintain a 'poised' state to enable genes that are crucial to differentiation to respond quickly and precisely to differentiation signals (Young, 2011) . Although speculative, our data leave open the possibility that p120-catenin helps poise the REST complex for the balanced modulation of its many gene targets in response to upstream signals. Alternatively, p120-catenin might modulate REST-CoREST in an acute manner that is responsive to upstream signals that act on p120-catenin itself. We discuss one possibility below, which involves the Ecadherin-catenin complex.
Although p120-catenin knockdown lowered the expression of REST-CoREST direct gene targets (e.g. pro-neural genes and neuronal miRNAs) and indirect neural markers (e.g. Map2), mESCs still underwent partial neural differentiation when subjected to neural differentiation conditions. Because knockdowns are often limited in mammalian cells, gene expression from RESTCoREST targets might simply have remained adequate to permit differentiation. In addition, it is possible that a more impressive block in differentiation would occur upon the co-depletion of p120-catenin and other catenins, such as d2-catenin, which is enriched in neural tissues (Kosik et al., 2005; Paffenholz and Franke, 1997; Zhou et al., 1997) .
Our mESC findings appear at first to contradict those in an earlier report using hESCs, in which p120-catenin knockdown led to stemness loss under hESC maintenance conditions (Li et al., 2010a) . Although mESCs share similarities with hESCs, they differ in several major aspects (Hirai et al., 2011) . This includes that stemness in mESCs is insensitive to cell-cell dissociation (Mohamet et al., 2010) . p120-catenin depletion destabilizes Ecadherin (Davis et al., 2003) , often resulting in altered cell-cell interactions. In contrast to hESCs, p120-catenin depletion did not induce differentiation of the mESCs used in our study (Fig. 5) . Furthermore, consistent with a prior mESC report (Soncin et al., 2009 ), when we directly targeted E-cadherin for depletion in mESCs (Fig. 7) , we observed smaller colony sizes but not enhanced differentiation. Our findings, therefore, appear to be compatible given some known differences between mouse and human ESCs.
E-cadherin, a potential upstream modulator of p120-catenin nuclear activity
We turned our attention to the cadherin-catenin complex, as it offered a potential means to modulate p120-catenin and thereby REST-CoREST. Although cell-cell adhesive interactions affect stemness and differentiation in hESCs, but less so mESCs (Li et al., 2010a) , we remained interested in testing whether the Ecadherin present in mESCs contributes to p120-catenin-mediated modulation of REST-CoREST. Given that E-cadherin levels become lessened in the neuroectoderm of mouse embryos (Stemmler, 2008) , p120-catenin should be less sequestered (an enlarged 'signaling pool') (Bellovin et al., 2005; Shibata et al., 2004) , to potentially act on REST-CoREST to de-repress (activate) neuronal gene targets. Indeed, E-cadherin depletion in mESCs increased REST-CoREST gene target expression. Importantly, as assessed by p120-catenin co-depletion, this effect was at least in part dependent on p120-catenin. Thus, our results are consistent with the possibility that the E-cadherin-catenin complex has a role in gene regulation, where cadherin loss results in enhanced p120-mediated relief of REST-CoREST-mediated repression.
Although E-cadherin levels steadily decrease upon the initiation of neuronal differentiation, we observed N-cadherin protein appearing at 4 days after initiating differentiation and then increasing during differentiation (data not shown). N-cadherin expression is important for neuronal differentiation (Brusés, 2006; Takeichi, 2007) , and p120-catenin knockdown might impair neuronal differentiation, because N-cadherin is lowered at the protein level (our unpublished data). However, we find that a p120-catenin mutant incapable of binding cadherin (N478A) is still able to partially rescue REST gene targets in mESCs depleted for p120-catenin (supplementary material Fig. S3F ). Thus, it appears that it is the signaling function of p120-catenin, and not so much functions related to cell adhesion (e.g. E-or N-cadherin) that is largely responsible for the observed effects. Thus, neuronal differentiation in response to p120-catenin might be modulated in both REST-dependent and REST-independent manners.
Given that the REST-CoREST complex acts in stemness, differentiation and disease, our finding that it both associates with and is modulated by p120-catenin provides some insight. For example, we previously showed that the kinase Dyrk1a stabilizes p120-catenin (Hong et al., 2012) . Dyrk1a is implicated in reducing REST expression by an unknown mechanism in a Down syndrome mouse model, where ESC pluripotency and differentiation are dysregulated (Canzonetta et al., 2008) . It is thus conceivable that Dyrk1a modulates REST through p120-catenin, contributing to aberrant pluripotency and differentiation. Our discovery of a relationship between p120-catenin and RESTCoREST in mESCs suggests that this pathway should also be examined in vivo. For example, REST is central to neurogenic processes such as eye formation (Kuwabara et al., 2004; Mao et al., 2011; Olguin et al., 2006) . It should be informative to probe for p120-catenin-REST or p120-catenin-CoREST developmental contributions in these contexts.
Given the association of REST-CoREST with chromatin regulatory factors such as lysine-specific histone demethylase 1A and histone deacetylases (e.g. HDAC1 and HDAC2), later studies will likewise be needed to flush out molecular details that account for observed outcomes. Furthermore, although not examined here, CoREST modulates many genes in which REST is not involved. Thus, the effects p120-catenin on gene regulation might be wider still and might be coordinated with its previously reported regulation of other transcription factors, such as kaiso and Glis2 (Hosking et al., 2007; Kelly et al., 2004; Kim et al., 2004) . In the pluripotent state, ESCs express E-cadherin at higher levels which sequesters p120-catenin to junctional regions. Although a p120-catenin 'signaling pool' exists in the cytoplasm and nucleus, it is small. REST-CoREST represses neural differentiation genes, preventing precocious expression. (B) During early differentiation, E-cadherin levels are decreased, such that the p120-catenin signaling pool is increased. The enlarged p120-catenin signaling pool contributes to ESC differentiation through the de-repression (activation) of REST-CoREST gene targets (e.g. Mash1, miR-124 and miR-132). Furthermore, increased p120-catenin signaling pools reduce the levels some pluripotency factors (Nanog, Oct4 and Sox2) by an unknown mechanism, to favor differentiation. This conceivably occurs in part through p120-catenin-mediated de-repression of REST-CoREST gene targets (see text, given there is debate on the role of REST role maintaining ESC stemness) or through other mechanisms.
MATERIALS AND METHODS
Cell culture and transfection HEK293 and NIH3T3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) following standard protocols. AB1 mESCs (McMahon and Bradley, 1990 ) are a kind gift from Michelle Barton (MD Anderson Cancer Center, Houston, TX) and were grown on feeder-cell-free and gelatinized dishes in DMEM containing 1000 U/ml leukemia inhibitory factor (LIF), 20% FBS (ESqualified, Invitrogen) and b-mercaptoethanol. Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) or electroporated for cDNA-construct transfection. Lipofectamine RNAiMAX reagent (Invitrogen) was used for siRNA oligonucleotide transfections. SMARTpool-siGENOME siRNAs against mouse p120, ARVCF, CoREST and REST were purchased from Dharmacon.
cDNA cloning and plasmids
Mouse p120-catenin (isoform p120-1B), mouse CoREST and mouse REST cDNA constructs were purchased from Openbiosystems, and subcloned into the pCS2 vector. To generate NLS-mutant p120, KK residues (K622 and K623) of mouse p120-catenin were mutated to AA using sitedirected mutagenesis (Invitrogen). For interaction mapping studies, the N-terminal fragment of p120-catenin corresponds to all amino acids prior to armadillo repeat 1; the armadillo repeat fragment contains repeats 1 through 8.5; and the C-terminal tail fragment was generated from armadillo repeat 8.5 through to the C-terminal amino acid. All fragments of p120-catenin, REST and CoREST for interaction mapping were generated by PCR-based cloning into pCS2.
Viral transduction and selection
For viral packaging, 293T cells were transfected with psPAX2, pMD2.G, and selected lentiviral shRNA constructs. During infection, polybrene was added to the plated cells, and 48 h after infection, cells were subjected to puromycin selection for 48-72 h. The indicated shRNAs were purchased from the shRNA and ORFeome Core (MD Anderson Cancer Center, Houston, TX).
In vitro neuronal differentiation
To induce mESC neuronal differentiation in vitro, we followed published protocols (Ying et al., 2003) . AB1 cells were plated on gelatinized dishes in N2B27 neuronal differentiation medium (1:1, DMEM/F12 with N2 supplement and L-glutamine neurobasal medium with B27 supplement; Invitrogen). Differentiating cells were harvested at the indicated times for further experiments.
In vitro transcription and translation and in vitro binding assay
In vitro binding assays were performed as described previously (Gu et al., 2011) . In brief, proteins were synthesized using the TNT SP6 high-yield wheat germ protein expression system (Promega). To conduct in vitro binding assays, we incubated synthesized proteins with the indicated antibodies in PBS containing protease inhibitors and 0.5% NP-40, and precipitated them using Protein A/G plus agarose (Santa Cruz Biotechnology). Immuno-complexes were washed three times with PBS containing 0.5% NP-40.
GST pulldown assays
GST pulldown assays were conducted using a described protocol . Bacterially purified GST-CoREST or REST proteins (GST was cleaved from REST using thrombin protease) were incubated with bacterially purified MBP-p120-catenin fusion proteins and precipitated using glutathione-Sepharose-4B resin (GE Healthcare), for immunoblot analysis.
Nuclear fractionation, endogenous co-immunoprecipitation and immunoblotting
Conventional protocols were used for nuclear fractionation (Schreiber et al., 1989) . We followed standard immunoprecipitation protocols, and diluted nuclear fractions or whole-cell lysates were used for coimmunoprecipitation (2 mg of anti-CoREST or anti-REST antibodies, Millipore). Antibodies for immunoblotting were against: p120-catenin and Cdh1 (BD Transduction Laboratory), ARVCF (Abnova), GAPDH (Santa Cruz Biotechnology), Myc (9E10) and the HA epitope (Developmental Studies Hybridoma Bank), Flag and actin (Sigma), and lamin A/C, Oct4 and Sox2 (Thermo Scientific).
Chromatin immunoprecipitation
Cells were plated on 100-mm tissue culture dishes and fixed with 1% formaldehyde for 10-15 min. Isolated nuclei from fixed cells were sonicated using a Diagenode Bioruptor to obtain mean DNA fragmentation sizes of less than 500 base pairs. After centrifugation, lysates were pre-cleared and then incubated overnight at 4˚C with 2 mg of antibody directed against REST (Millipore) or rabbit IgG, followed by protein-A/G-agarose incubation for 2 h. After precipitation and washing, the immune complex was incubated with RNase and proteinase K at 37˚C and de-crosslinked overnight at 65˚C. DNA regions of interest were tested using qPCR (Open Biosystems SyBr green Mastermix).
Quantitative real-time PCR and RT-PCR Total RNA was prepared as previously described (Hong et al., 2010) . Primer sequences for the detection of calbindin, synaptotagmin 4 and Mash1 transcripts were obtained from a previous study (Ballas et al., 2005) . At least three independent experiments were performed. See supplementary material Table S1 for primer sequence information.
Alkaline phosphatase staining mESC colonies were stained with Vector Blue alkaline phosphatase substrate kit I (Vector Labs), following the manufacturer's instructions. To quantify alkaline phosphatase staining readouts, colonies were picked from three random areas and images taken using a 46 microscope objective. Alkaline phosphatase readouts were analyzed using Image J software, and the experiment repeated three times.
Electrophoretic mobility shift assay
Using a Lightshift Chemiluminescent EMSA Kit (Thermo Scientific), EMSA was performed according to the indicated instructions. The indicated recombinant proteins of REST (thrombin-cleaved from GST-REST), MBP-p120-catenin and MBP were bacterially produced and then purified. In two different pair-wise manners, protein-protein or protein-DNA combinations were made, generating similar experimental results: either REST and MBP-p120-catenin (or MBP alone) were incubated overnight at 4˚C followed by addition of the oligonucleotide; or REST was incubated with the oligonucleotide for 10 min, followed by addition of MBP-p120-catenin (or MBP alone) for 10 min at room temperature. The complementary 59 biotin-labeled oligonucleotides were hybridized and encoded a single RE1 consensus sequence (Otto et al., 2007) , and were used as probe (59-biotin-CTCTATCGATAGTTC AGCACCAAA-GGACAGCGCCGGTACCGAGCTCTTA-39 and 59-biotin-TAAGAGC-TCGGTACCGGCGCTGTCCTTTGGTGCTGAACTATCGATAGAG-39).
Immuno-staining
Differentiating mESC colonies were fixed with 4% formaldehyde and permeabilized using 0.3% Triton X-100. Anti-doublecortin (DCX) antibody (Abcam) was used to detect endogenous DCX. For immunostaining of the indicated tagged proteins (supplementary material Fig. S1F ) expressed in pluripotent mESC colonies, anti-HA (Y-11, Santa Cruz Biotechnology) and anti-Myc (9E10, Developmental Studies Hybridoma Bank) antibodies were used. DAPI was used for counter-staining. Images were acquired using 3i Confocal microscopy (Zeiss).
Statistical analysis
To analyze the significance of data and obtain P-values, we used the Student's t-test within the Microsoft Excel software program, and oneway ANOVA within GraphPad Prism Verson 6.0a.
